Membrane surface charge is critical for the transient, yet specific recruitment of proteins with polybasic 22 regions to certain organelles. In all eukaryotes, the plasma membrane (PM) is the most electronegative 23 compartment of the cell, which specifies its identity. As such, membrane electrostatics is a central parameter 24 in signaling, intracellular trafficking and polarity. Here, we explore which are the lipids that control membrane 25 electrostatics using plants as a model. We show that phosphatidic acidic (PA), phosphatidylserine (PS) and 26 phosphatidylinositol-4-phosphate (PI4P) are separately required to generate the electrostatic signature of the 27 plant PM. In addition, we reveal the existence of an electrostatic territory that is organized as a gradient along 28 the endocytic pathway and is controlled by PS/PI4P combination. Altogether, we propose that combinatorial 29 lipid composition of the cytosolic leaflet of cellular organelles not only defines the plant electrostatic territory 30 but also distinguishes different compartments within this territory by specifying their varying surface charges. 31 32 33 34 35 36 Introduction 37
referred to as the electrostatic territory, negative charges carried by anionic phospholipids recruit proteins 46 with polybasic regions and as such participate in the localization of a large number of cellular factors along the endocytic pathway (Jackson et al., 2016) . Anionic phospholipids are minor lipids in membranes and 48 include phosphatidylinositol phosphate (also known as phosphoinositides), as well as phosphatidic acid (PA) 49 and phosphatidylserine (PS). In mammalian cells, PS is enriched in PM-derived organelles and was proposed production by R59949, mCITRINE-1xPASS was maintained at the PM in presence of an exogenous supply 144 of LPA but not in the presence of LPS ( Figure 1C ). Moreover, in the presence of either R59949 or R59022, 145 reporters for PI4P, PI(4,5)P 2 and PS anionic phospholipids (mCITRINE-1xPH FAPP1 , mCITRINE-1xPH PLC and 146 mCITRINE-C2 Lact respectively (Simon et al., 2014; Simon et al., 2016) ), were still localized at the PM ( Figure   147 1B). Altogether, these results indicated that the PM localization of the mCITRINE-1xPASS and mCITRINE-148 2xPASS probes are largely driven by DGK-synthesized PA, rather than by a general requirement of these 149 probes for anionic phospholipids. In addition, both R59949 and R59022 treatments had no impact on the 150 localization of EGFP-Lti6b ( Figure 1B) , a control protein with two transmembrane segments and very short 151 cytosolic tails, whose localization is not regulated by anionic lipids (Cutler et al., 2000) . Altogether, these 152 results validate the specificity of our PA probes and suggest that PA accumulates in the cytosolic leaflet of 153 the plant PM. It is therefore possible that this anionic lipid participates in the control of PM electrostatics.
155
PA contributes to PM cytosolic leaflet surface charges 156 We next asked whether PA could participate in the electrostatic property of the PM. We took advantage of 157 DGK inhibitors to reduce the level of PA at the PM and analyze the impact of this pharmacological inhibition 158 on the localization of membrane surface charge reporters. We used two types of membrane charge reporters 159 that we previously validated in planta (Simon et al., 2016) . The first probe, mCITRINE 8K-Farn corresponds to 
166
We found that in PA depleted condition, charge sensors (mCITRINE 8K-Farn and mCITRINE-KA1 MARK1 probes) 167 were released into the cytosol and endosomes ( Figure 1B To evaluate the potential function of PS in membrane electrostatics, we studied its sub-cellular distribution 174 using genetically encoded biosensors that report the localization of PS in inner membrane leaflets. We used 
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We raised transgenic Arabidopsis plants that stably express fluorescent fusions with either C2 LACT , or 180 2xPH EVCT2 under the control of the UBQ10 promoter. As we previously reported for mCITRINE-C2 LACT in 181 root epidermis (Simon et al., 2016) , we found that the C2 LACT domain was localized at the PM and in multiple 182 intracellular compartments in all cell types analyzed, including both shoot and root tissues ( 
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Next, we analyzed in which endomembrane structures the C2 LACT probe localized. We crossed the 192 mCITRINE-C2 LACT reporter line with various red-fluorescent membrane markers lines or imaged it in 193 conjunction with red-fluorescent dyes (Figure 2A ). mCITRINE-C2 LACT extensively colocalized with the 194 plasmalemmal marker Lti6b-2xmCHERRY (Elsayad et al., 2016) , confirming that this PS sensor accumulates 195 at the PM (Figure 2A ). We also found that mCITRINE-C2 LACT was localized along the endocytic pathway.
196
Indeed, mCITRINE-C2 LACT colocalized with the endocytic tracer FM4-64 and its localization was sensitive 197 to both the fungal toxin brefeldinA (BFA) and wortmannin (Wm, Figure 2A (Figure 2A ) (Dettmer et al., 2006) . We also found that mCITRINE-C2 LACT localized early on forming 202 cell plate during cytokinesis, together with FM4-64 and PI4P ( Figure S2K and Video S5). Therefore, PS 203 accumulation at the cell plate together with PA and PI4P correlates with the acquisition of the cell plate 204 electrostatic identity (Simon et al., 2016) . Together, our results suggest that PS accumulates at the PM and 205 cell plate, as well as in PM-derived organelles.
207
PS is sufficient to maintain negative surface charges on the PM cytosolic leaflet 208 Next, we addressed whether PS contributes to PM electrostatics. Because there is no chemical compound 209 known to directly inhibit PS production, we tested whether PS could be involved in PM electrostatics by 210 depleting all other anionic phospholipids from this membrane through chemical inhibition. We previously 211 validated the use of PAO, a PI4-Kinase inhibitor, to interfere with PM phosphoinositides production (Simon 212 et al., 2016). We showed that short-term treatment (15-30 min) significantly depletes PI4P but not PI(4,5)P 2 213 pools, while longer treatment (>60 min) affects the synthesis of both lipids (Simon et al., 2016) . In order to 214 concomitantly deplete the plant PM from PA, PI4P and PI(4,5)P 2 , leaving PS as the sole anionic lipid in this 215 membrane, we used a combination of R59949 or R59022 (60 min, as described in Figure 1 ) and prolonged 216 PAO treatment (120 min). This treatment efficiently displaced PI4P, PI(4,5)P 2 and PA sensors from the PM 217 to the cytosol, while the PM localization of EGFP-Lti6b and mCITRINE-C2 LACT were largely unaffected by 218 this treatment ( Figure 2B ). As expected, a proportion of mCITRINE 8K-Farn and mCITRINE-KA1 MARK1 charge 219 reporters were found in the cytosol in this condition ( Figure 2B ). However, surprisingly, both charge reporters 220 retained a degree of PM localization that can be attributed to PS, the only remaining anionic lipid in this 221 membrane. Given the physiological importance of PA, PI4P and PI(4,5)P 2 , this concomitant treatment is 222 expected to have pleiotropic detrimental effects on plant cell biology, notably inhibiting various intracellular 223 trafficking pathways such as endocytosis and exocytosis as well as signaling pathways. Nonetheless, in this 224 condition, PS appears to be sufficient to maintain a certain degree of surface charges at the PM.
226
phosphatidylserine synthase1 mutants do not produce any PS but are viable
227
In order to analyze the impact of PS depletion on membrane surface charges, we characterized mutants in the 228 PHOSPHATIDYLSERINE SYNTHASE1 (PSS1) gene (Yamaoka et al., 2011) . We isolated three pss1 alleles 229 that we named pss1-3; pss1-4 and pss1-5 ( Figure 3A ). These three alleles expressed no detectable full length 230 PSS1 cDNA ( Figure S3C ), and segregated as single recessive mutants without any distorted segregation 231 ( Figure S3A ). All three alleles showed the same sporophytic phenotype, the pss1 mutants being severely 232 dwarf both at the shoot and root level ( Figure 3B , S3F-I). In addition, these mutants were sterile and had to 233 be propagated as heterozygous. Next, we introduced a wild type copy of the PSS1 gene in the pss1-3 allele, 234 which fully complemented the pss1-3 shoot phenotypes ( Figure 3B , S3D and F). High performance thin layer 235 chromatography (HPTLC) and LC-MS/MS lipidomic analyses showed that pss1-3 and pss1-4 sporophytes do 236 not produce any PS ( Figure 3C -D and table S1). Importantly, these analyses suggested that both alleles had 237 only minor changes in their overall phospholipid content ( Figure 3C , S3B and table S1). To confirm these 238 biochemical analyses, we introgressed mCITRINE-C2 LACT and mCITRINE-2xPH EVCT2 into the pss1-3 239 mutant. By contrast to the wild type situation, we could detect only a faint signal for mCITRINE-C2 LACT in pss1-3, suggesting that in the absence of PS, mCITRINE-C2 LACT is unstable in plant cells ( Figure 3E ).
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Consistently, exogenously treating mCITRINE-C2 LACT /pss1-3 -/seedlings for one hour with LPS, but not 242 LPA, fully complemented mCITRINE-C2 LACT fluorescence signal intensity and localization at the PM and 243 intracellular compartments ( Figure 3E ). In addition, the mCITRINE-2xPH EVCT2 probe was fully soluble in 244 pss1-3, as expected for a PS-depleted mutant and this localization was rescued by one hour LPS add back 245 experiments but not by exogenous treatment with LPA ( Figure 3E ). Furthermore, both root and shoot 246 phenotypes were partially rescued by exogenous treatment with LPS ( Figure S3E Next, we analyzed the localization of our membrane charge reporters in pss1-3 mutant background. Both 254 mCITRINE 8K-Farn and mCITRINE-KA1 MARK1 retained a certain degree of PM localization in pss1-3, but also 255 relocalized in the cytosol and were found in intracellular compartments ( Figure 4A and C). Quantification 256 showed that the PM dissociation of mCITRINE-KA1 MARK1 was weaker in pss1-3 than upon PI4P depletion 257 (i.e. PAO treatment), and similar as upon PA depletion (i.e. R59022) ( Figure 4C ). We next investigated 258 whether loss of PS could be the primary cause behind these defects in PM electrostatics. First, we found that 259 the strict PM localization of membrane charge reporters was fully restored by short-term (one hour) add-back 260 experiment with LPS ( Figure 4A and 4C). Second, since we previously showed that PI4P and PA regulate 261 PM electrostatics, we next asked whether loss of PS might affect PM anionic phospholipid subcellular 262 distribution. Interestingly, the PM localization of PI(4,5)P 2 , PI4P and PA sensors were not affected in pss1-3 263 ( Figure 4D ). In addition, by introgressing in pss1-3 various control fluorescent markers of the PM (Figure
264
4B) and intracellular compartments ( Figure S4 ), we could not detect any phenotype suggesting general defects 265 in PM protein localization, membrane organization, and/or compartments morphogenesis.
266
As described above, PS is presumably the last remaining anionic phospholipid at the PM following depletion 
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Next, we addressed which intracellular compartments were electronegative. To this end, we used charge 287 reporters that are hydrophobically-anchored to membrane via a farnesyl moiety and that have an adjacent 
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we crossed the mCITRINE 4K4Q-Farn (4+) reporter with the 2xmCHERRY-C2 LACT sensor and confirmed that 299 both probes colocalized ( Figure 5C ). In addition, we found that 2xmCHERRY-C2 LACT colocalized 300 preferentially with mCITRINE 4K4Q-Farn (4+) (which labels electrostatic compartments) rather than 301 mCITRINE 8Q-Farn (0+) (which localization is charge independent) ( Figure 5D ). We next performed 302 quantitative colocalization assay between intracellular compartment markers and charge reporters containing 303 a gradual increase in net positive charges (0+, 2+ and 4+) in order to test the relative contribution of their 304 positive charges on their intracellular distribution. We did not use probes with higher net positive charges 305 than 4+, because the mCITRINE 6K2Q-Farn (6+) seldom localizes in intracellular compartments and 306 mCITRINE 8K-Farn (8+) is strictly localized at the PM (Simon et al., 2016) . We found that addition of positive 307 charges gradually increased the proportion of the probes in EE/TGN and SV at the expense of their Golgi and 308 late endosomes localization ( Figure 5E ). Therefore, the endomembrane system is organized according to an 
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We previously noticed that PI4-kinase inhibition by PAO affects PS intracellular distribution (Simon et al., 323 2016). We therefore analyzed quantitatively PS subcellular localization in the absence or presence of PAO.
324
We found that PAO treatment attenuated the gradient of PS as visualized by mCITRINE-C2 LACT (Figure 6D ).
325
In particular, PAO treatment increased the localization of mCITRINE-C2 LACT in late endosomes ( Figure 6C 
